New plasma manipulation techniques are described that are central to the development of a multicell Penning trap designed to increase positron storage by orders of magnitude ͑e.g., to particle numbers N ജ 10 12 ͒. The experiments are done using test electron plasmas. A technique is described to move plasmas across the confining magnetic field and to deposit them at specific radial and azimuthal positions. Techniques to fill and operate two in-line plasma cells simultaneously, and the use of 1 kV confinement potentials are demonstrated. These experiments establish the capabilities to create, confine, and manipulate plasmas with the parameters required for a multicell trap; namely, particle numbers Ͼ10
I. INTRODUCTION
Phenomena involving positrons ͑i.e., the antiparticles of electrons͒ are important in many fields of science and technology, including astrophysics, plasma and atomic physics, and materials science. [1] [2] [3] [4] [5] [6] Scientific applications include
Bose-condensed gases of positronium atoms and the formation and study of antihydrogen ͑i.e., stable, neutral antimatter͒. Technological applications include the characterization of materials for semiconductor chip manufacture. On a longer time horizon, potential applications include the creation of an annihilation gamma-ray laser. 7 Many of these applications require large numbers of positrons and/or long storage times or would benefit by the development of portable antimatter traps. A major impediment to pursuing these goals has been the inability to efficiently accumulate, cool, manipulate, and store large numbers of low-energy positrons. There has been continued progress in this area over the last decade using the basic experimental technique of positron confinement in Penning-Malmberg traps, such as that illustrated in Fig. 1 . This device uses a uniform magnetic field and cylindrical electrodes with electrostatic potentials on the ends to confine the particles ͑e.g., positrons, electrons, ions, or antiprotons͒. 2, [8] [9] [10] While the principal objective is the accumulation, manipulation and storage of positrons ͑i.e., antimatter͒, the work reported in this paper and much previous work in this area uses conventional single-component electron plasmas for increased data rate and ease of handling. In an actual positron application, a conventional electron source would be replaced by bursts of positrons that are now accumulated routinely and efficiently using the buffer-gas trapping technique. 2, 11, 12 Progress over the past two decades in accumulating large numbers of positrons is illustrated in Fig. 2 . The work reported here takes the next steps in this research. The goal is to increase by orders of magnitude the number of positrons ͑presently N ϳ 10 9 ͒ that can be accumulated and stored for long periods. Impediments to further progress are dealing with large values of plasma space charge and achieving very long confinement times ͑e.g., days͒ for high-density positron plasmas. Small positron plasmas ͑N Ͻ 10 4 ͒ have been confined at high densities ͑n Ͼ 10 9 cm −3 ͒ for several weeks in a laser-cooled ion plasma. 13 No experiments to date have demonstrated the long-term confinement of large numbers of particles.
Recently, a novel design for a multicell PenningMalmberg trap was proposed to achieve these objectives. 14, 15 Note that here and elsewhere in this paper, we refer to a "cell" as a single-component plasma in an individual Penning-Malmberg trap in the case in which more than one such plasma is arranged in the same magnetic field and vacuum system. This multicell design confines the stored antiparticles in numerous, separate plasma cells shielded from one another by copper electrodes. These electrodes screen out the plasma space charge, reducing the required confinement voltages by an order of magnitude or more. This multicell design, using relatively short plasmas and small values of space charge potential, improves plasma confinement and reduces plasma heating and the requirements for electrode and magnetic field uniformity. We note that multicell traps have also been developed for other applications; namely, arrays of quadrupole mass spectrometers used to increase sample analysis throughput. 16, 17 The specific objective that motivates the present experiments is development of the technology required to build a 95-cell Penning-Malmberg trap in a common magnetic field and vacuum system that can store ജ10 12 positrons for weeks without significant loss. As illustrated in Fig. 2 , this would increase the present state of the art by a factor ϳ10 3 . Such a device would also represent a major step toward the development of a versatile, portable antimatter trap-decoupling the end use of the antimatter from the need for a fixed, intense source of antiparticles such as particle accelerator or radioactive materials. Described here are key techniques that will enable the building of a practical multicell positron trap.
In particular, techniques are demonstrated to handle large values of space charge, to operate two in-line plasma cells, and to fill off-axis cells.
II. THE MULTICELL POSITRON TRAP CONCEPT
The concept of the multicell Penning-Malmberg trap is shown schematically in Fig. 3 .
14 There are several potential factors limiting long-term confinement of large numbers of positrons in Penning-Malmberg traps. One such consideration is the Brillouin limit, which is the limiting density for plasma confinement in a uniform magnetic field. For electrons or positrons at tesla-strength magnetic fields, the Brillouin limit is beyond the capability of present-day experimental capabilities, so that it is not of immediate concern. A more severe limitation is the effect of plasma space charge, which is an important practical constraint in present-day positron traps. For large particle numbers N, the space charge potential of a cylindrical, single-component plasma of length L in a Penning-Malmberg trap is proportional to N / L. For fixed plasma length L, the number of particles N that can be stored in a trap is limited by the maximum potential, V C that can be applied to electrodes ͑i.e., in vacuum, in the presence of the plasma͒. For a long, uniform plasma of radius R p in a cylindrical electrode structure of radius R w , the on-axis space charge potential o ͑in volts͒ is
where L p is in centimeters. From Eq. ͑1͒, for example, for a plasma of 10 10 positrons with L p = 10 cm and R w / R p = 8.8, o = 750 V, which in turn, requires a value of V C Ͼ 750 V. In principle, one could envision using very large values of V C . However, the maximum possible operating potential for a compact Penning-Malmberg trap, with closely spaced electrodes used to confine large numbers of electron-mass particles in a strong magnetic field, depends upon the specifics of the apparatus and must be demonstrated experimentally.
Another consideration arises from the fact that heating ͑i.e., due to outward diffusion͒ is proportional to the space charge potential o .
14 This heating can inhibit the ability to confine and compress positron plasmas. It can also lead to positronium formation on background impurities in the vacuum system, and this represents a potentially serious positron loss process. This process, which has a positron-energy threshold of a few electron volts and a large cross section, i.e., ϳ10 -16 cm 2 , involves a positron capturing an electron from a background impurity atom in the vacuum system. The resulting neutral Ps atom will then quickly annihilate. To avoid this loss, stored positron plasmas must be kept relatively cool ͑e.g., T ഛ 1 eV͒, and thus unnecessary plasma heating must be avoided.
A key feature of the multicell trap is that the effect of large values of space charge potential is mitigated by dividing the plasma into m rod-shaped plasmas of length L, each oriented along the magnetic field ͓e.g., in a hexagonal-closepacked ͑hcp͒ arrangement transverse to the field͔. These rodshaped plasmas are shielded from each other by close-fitting copper electrodes. For a given maximum confining electrical potential, V C , applied to the electrodes, the number of stored positrons will be increased by a factor of m. Since the plasma heating rate due to outward expansion of the plasma is proportional to the plasma space charge, the multicell design As shown, it consists of five cylindrical electrodes, including one that is segmented azimuthally for radial plasma compression and the excitation of plasma modes. Also shown is a phosphor screen and CCD camera that are used to image radial density profiles of confined plasmas. The actual device used for the experiments reported here is illustrated in more detail in Fig. 4 below.
FIG. 2.
͑Color online͒ ͑b͒ progress in positron trapping from similar strength sources ͑ϳ50-100 mCi 22 Na͒ using a buffer-gas accumulator ͑Refs. 2, 11, 12, and 20͒ including ͑᭺͒ stacking positron plasmas in UHV ͑Ref. 20͒. Dashed line indicates projected results: ͑ᮀ͒ parameters achieved here for an electron plasma, and ͑oval͒ the expected value for the 95-cell multicell trap described here. Table I .
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Danielson, Weber, and Surko Phys. Plasmas 13, 123502 ͑2006͒ also reduces the requirements on plasma cooling. In the trap design considered here, cooling is accomplished by cyclotron radiation of the particles in a relatively large ͑e.g., several tesla͒ magnetic field. The multicell design also breaks up each long rod of plasma into p separate plasmas in the direction along the magnetic field ͑i.e., separated by electrodes at potential V c ͒. The plasma length is decreased by a factor L / p. This reduces the effects of ͑off-axis͒ magnetic nonuniformities. It also reduces the rate of outward, asymmetry-driven radial transport ͑i.e., which is typically found to be proportional to L 2 18 ͒ during the filling and compression cycles. The proposed design parameters for a 95-cell multicell trap are summarized in Table I . The electrode structure will be cooled to cryogenic temperatures to ensure an ultrahigh vacuum ͑UHV͒ environment. Positron loss is expected to be small on the design-goal time scale of weeks. As indicated in Table I , the plasma is expected to be considerably warmer than the electrode temperature ͑i.e., ϳ0.1 eV͒ due to plasma heating from the radio frequency fields used to achieve long-term plasma confinement.
The work reported here used a confinement potential V C = 1.0 kV, which resulted in a maximum particle number of N =3ϫ 10 10 in a single Penning-Malmberg cell. The design in Table I is likely conservative in this regard. If one could work with ϳ3 kV, which is likely, a trap for 10 12 positrons would require only 24 cells. Alternatively, a 95-cell trap could confine 3 ϫ 10 12 positrons. Positrons to fill the multicell trap will be accumulated in a specially designed buffer-gas Penning-Malmberg trap. 12 Positron plasmas in the buffer-gas trap cool to room temperature in ഛ0.1 s due to collisions with the buffer gas. The trapping efficiency of 25% is more than an order of magnitude larger than any other technique developed to date. Typically N ϳ 3 ϫ 10 8 e + can be accumulated from a 100 mCi 22 Na radioactive source and noble gas moderator in a few minutes. Positron plasmas from the buffer-gas trap will be "stacked" [19] [20] [21] in UHV in the high-field trap 20 on a several minute cycle time to achieve ജ10 10 positrons in a single plasma cell. At these fill rates, trapping 10 12 positrons would take several days to a week. However, stronger positron sources are currently in operation and/or under development in a number of laboratories around the world that could fill such a trap in a few hours or less. 2, [22] [23] [24] As described in Sec. IV C below, a new feature has been added to the design, namely, a master plasma manipulation cell, the purpose of which is to receive plasmas from the buffer gas trap, compress them, and move them off axis radially before depositing them in the multiple storage cells. The design in Table I includes an additional 15 cm of electrode length for this master cell.
III. DESCRIPTION OF THE EXPERIMENTS
Experiments were performed in the cylindrical PenningMalmberg trap, shown schematically in Fig. 4 . This device has been described in detail previously; 15, 25, 26 thus, here we review only briefly key features of the apparatus. While the device has the capability to cool the electrode structure to cryogenic temperatures, the experiments reported here were done with the electrodes at 300 K. Plasmas can be confined in various combinations of cylindrical electrodes ͑R w = 1.27 cm͒ to achieve plasma lengths in the range 5 ഛ L p ഛ 25 cm. Two of the electrodes are segmented ͑one with eight sectors and another with four sectors͒ in the azimuthal direction. Electron plasmas are injected using a standard electron gun and are confined radially by an applied 5 T magnetic field, with axial confinement provided by voltages applied to the end electrodes. In typical experiments, rotating electric fields could be applied to compress the plasmas and achieve long-term confinement ͓i.e., the so-called "rotating wall" ͑RW͒ technique͔. This was accomplished using a special-purpose, four-phase rf generator attached to the foursector electrode to produce a radial electric field with azimuthal mode number m = 1 rotating in the same direction as the plasma. The segmented electrodes were also used to excite and detect diocotron modes in the plasma that, as described below, were used to move plasmas across the magnetic field. The trap is operated in "inject-manipulate-dump" cycles that exhibit very good shot-to-shot reproducibility. Dumped electron plasmas are accelerated to about +5 kV before striking a phosphor screen, with the resulting images recorded by a CCD͒ camera. This z-integrated profile and the trap geometry are used to calculate the plasma length and plasma density using a Poisson-Boltzmann code. Typical values of plasma space charge 0 ranged from 10 to 990 V. The parallel plasma temperature T ʈ was measured by slowly lowering the confinement voltage and measuring the escaping charge. 27 The plasma is cooled by cyclotron radiation in the 5 T magnetic field at a rate ⌫ c = ͑1/T͒͑dT / dt͒ϳ6 s −1 , 28 which is fast compared to the compression and expansion rates. Steady-state plasmas were found to remain relatively cool ͑i.e., T ഛ 0.2 eV; T / e 0 Ӷ 1͒, even in the presence of strong RW fields.
After the plasma is injected into the trap, the RW field was turned on with amplitude V RW and frequency f RW . The evolution of the plasma was studied by repeating the experiment for different hold times. The plasma reaches a steady state after a few seconds. 25, 26 Experiments on longer time scales have shown that this steady-state density can be maintained for more than 24 h with no loss of plasma. Initially, in steady state, and in expansion after the RW is turned off, the plasma profiles are close to that of a rigid rotor ͑i.e., constant density͒, except slightly broadened at larger radii.
IV. EXPERIMENTAL RESULTS
In this section, we describe the results of experiments to establish techniques critical to the development of a multicell trap. In particular, we demonstrate the ability to operate with kilovolt electrical potentials and to operate two in-line plasma cells simultaneously. We also describe a new technique to move plasmas across the magnetic field and deposit them at specific radial and azimuthal locations. This latter technique will be used to fill off-axis plasma cells.
A. Operation with kilovolt confinement potentials
While plasmas have been confined previously in Penning-Malmberg traps with kilovolt potentials ͑e.g., see Refs. 29-31͒, it is important to establish this capability in specific situations with electrode spacings relevant to the multicell trap. Special programmable power supplies were designed and built to operate at kilovolt confinement potentials. Plasmas were created and confined using a 1.0 kV confinement potential for three different confinement lengths: L c = 5.1, 10.2, and 20.3 cm. Data for these lengths and three fill voltages are summarized in Table II . The maximum space charge potential 0 was 990 V for V c = 1000 V. This represents a net excess confinement potential of only 10 V, which is made possible by the low values of plasma temperature; i.e., T ഛ 0.5 eV. Note that the plasma length self-adjusts to some extent, depending upon the value of 0 relative to V c , and the ratio, R w / R p . In these experiments, plasma radii were set by the characteristics of the electron gun and the filling procedure as opposed to using plasma expansion and/or rotating wall compression to adjust R p . The maximum plasma density achieved was 6.2ϫ 10 10 cm −3 . The dependence of plasma density on the total number of particles N is illustrated in Fig. 5͑a͒ for the three different confinement lengths ͑L c ͒. The dependence of N on L c for the three different filling voltages ͑V f ͒ is illustrated in Fig. 5͑b͒ . Several of the cases exceed the N =1ϫ 10 10 particle design goal. The closest case to the nominal parameters in Table II is L c = 10.2 cm and V f = 600 V. The parameters for this case could be made to match very closely the design parameters by adjusting the plasma density and radius using the rotating wall compression.
B. Simultaneous operation of two plasma cells
The ability to create and manipulate two, in-line plasmas was investigated. This experiment is illustrated in Fig. 6 . Plasmas were loaded in two separate cells of the high-field trap using a "fill-shuttle-fill-hold" protocol. Following the "hold" stage, independent control of the plasmas was demonstrated by depositing them sequentially onto the phosphor screen where each could be imaged separately. Each plasma consisted of N Ϸ 5.5ϫ 10 8 electrons. The plasmas were 10 cm long, 0.93 mm in radius, and were separated axially by 10 cm. It was confirmed that there was no increase in outward radial transport with the addition of the second plasma to the trap. The plasmas were confined for 30 s with no noticeable expansion. Additional studies will be required to investigate confinement of these multicell, trapped plasmas at higher densities and on longer time scales.
C. Moving plasma across the magnetic field
One of the key requirements for a multicell trap is development of a robust and compact method to move plasma across a magnetic field. While this could be accomplished by magnetic deflection or use of E ϫ B plates, both techniques have disadvantages in terms of space requirements and the need to switch large magnetic fields and/or electrical potentials. To solve this problem, we developed a novel method that involves excitation of a so-called "diocotron" mode of the plasma. 18 Specifically, when a single-component plasma is displaced from the axis of the cylindrical electrode, the center of mass will E ϫ B drift in the field of the image charge of the plasma. This drift of the plasma about the axis is known as a diocotron mode. The amplitude of this mode is the displacement D of the plasma from the axis of symmetry of the confining electrodes.
For a long plasma column with L p ӷ R w , the linear frequency of the m =1,
where f E is the plasma E Ã B rotation frequency, f E =cne / B, where c is the light speed and B the magnetic field strength. 31 For the work reported here, the plasmas were typically quite narrow, with R p Ӷ R w , and f D ϳ a few kHzӶ f E . The diocotron mode was excited by applying a sinusoidal signal at a frequency near f D to one sector of the four-sector electrode using the technique of "autoresonance." As described below, this technique provides an effective and convenient method to control both the amplitude ͑i.e., radial displacement D͒ and the azimuthal position of the plasma column as a function of time.
The frequency and amplitude of the diocotron mode were measured, independent of the excitation, on a separate sector of the segmented electrode. By exciting the diocotron mode to different amplitudes, we obtain plasmas at different displacements from the trap axis. However, for large displacements, the gradient of the induced electric field across the plasma increases and the plasma distorts, producing a nonlinear shift in the mode frequency. To lowest order, and assuming R p Ӷ R w , this nonlinear frequency can be written as
where f D is the linear diocotron mode frequency. 32 Figure 7 shows the measured nonlinear diocotron frequency normalized to the linear frequency for excitations up to D / R w ϳ 0.8. Equation ͑2͒ is plotted as the black line with no adjustable parameters.
To measure the mode amplitude non-perturbatively, the received signal was amplified and fed into a spectrum analyzer. The finite angular extent of the receiver electrode ͑90°͒, means that the received signal is composed of the fundamental frequency and its harmonics, f n = nf NL . 33 The amplitudes of these harmonics are related to the plasma displacement D by V n = A n D n , where the A n are known coefficients related to the receiver electrode dimensions and the electrical circuit impedance. The displacement D is proportional to V 1 ͑i.e., the amplitude of the fundamental frequency component of the signal͒; namely, D = V 1 / A 1 . However, in practice, the expression D = ͑A 1 / A 2 ͒͑V 2 / V 1 ͒, was used to measure D, since this expression is independent of receiveramplifier gain.
33,34 Figure 8 shows the displacement, as measured using the ratio V 2 / V 1 , for different excitation levels V 1 for the data set in Fig. 7 .
Plasmas can also be imaged directly with the CCD camera out to a displacement D Ϸ 0.45 cm, which provides a direct measurement of this quantity. These values are also plotted in Fig. 8 . There is very good agreement ͑i.e., ഛ ± 10% difference͒ between the two sets of measurements in the region of overlap of the two techniques. This confirms the ability to create large displacements and detect them using measurements of the frequency harmonics of the excited diocotron mode. The circled point in Fig. 8 represents a displacement to 80% of the electrode radius. This has important, positive, implications concerning the ability to completely fill an electrode structure with multicell plasmas.
Knowing the mode frequency, amplitude, and phase relative to one of the sectors, the plasma can be dumped at any location by phase locking to the received mode signal. However, the nonlinear frequency shift makes it difficult to phase lock at arbitrary mode amplitude ͑i.e., plasma displacement͒. As mentioned above, this problem was solved using a nonlinear phase locking technique called "autoresonance," which is the tendency of a weakly driven nonlinear system to stay in resonance with the drive signal even when the system parameters vary. [35] [36] [37] Using this technique, by varying the drive frequency, one can control the mode frequency and thus control the displacement of the plasma column.
In the work reported here, as in Ref. 36 , the diocotron mode is brought into autoresonance by sweeping the drive frequency from below the linear diocotron frequency to a selected, higher frequency. If the drive voltage is sufficiently strong, the excited diocotron mode amplitude ͑i.e., the displacement D of the plasma column͒ will grow as the mode increases in frequency to match that of the drive. In this autoresonant condition, the excited diocotron mode will stay phase-locked to the applied signal for as long as the excitation is applied, limited only by plasma expansion. This matching of frequencies and phase occurs for only a limited range of applied amplitudes and sweep rates. If the drive voltage is too small, the mode is not excited; if the drive voltage is too large, higher-order nonlinear effects dominate and destroy the autoresonance. Further, if the sweep rate is too fast, then there is insufficient time for the mode to lock to the drive. These details have been discussed in a series of papers by Fajans et al. [35] [36] [37] In the work presented here, we explore several unique features of autoresonant diocotron excitation. As shown in Figs. 7 and 8, we demonstrate that large amplitude diocotron modes can be used very effectively to achieve off-axis plasma states. Specifically, we have created radial plasma displacements much larger than the plasma radius ͑e.g., D ϳ 10R p ͒, and as large as 80% of the wall radius. We also demonstrate by direct imaging that phase-locked plasma states can be achieved at arbitrary plasma displacements. Finally, we demonstrate that, by controlled dumping of off-axis plasmas, these techniques could be used to inject plasma into the off-axis cells of a multicell trap. Figure 9 shows a model calculation of the autoresonant response of a small plasma to a constant-amplitude sine wave, i.e., V D = V o sin͑2ft͒, as the frequency f of the applied sine wave is changed. The initial on-axis plasma is driven to a large displacement when the frequency of the drive is swept from below the linear mode frequency to a higher frequency. The final displacement D is determined by the final frequency of the applied signal, and the phase angle in the plane perpendicular to the cylindrical axis is determined by the phase of this applied signal. After autoresonance has been achieved, the plasma will stay locked, both in phase and frequency ͑and hence displacement͒, for thousands FIG. 7 . The diocotron frequency ͑b͒ measured for plasmas displaced different distances D from the electrode center; ͑-͒ the prediction of Eq. ͑2͒ with no fitted parameters. The linear diocotron frequency is f D = 2.9 kHz. The arrow marks the maximum displacement measurable on the phosphor screen.
FIG. 8. ͑b͒
Displacement D from measurement of the harmonic ratio V 2 / V 1 , plotted as a function of V 1 . Also shown ͑छ͒ are the displacements measured directly from images on the phosphor screen. The arrow marks the maximum displacement measurable on the phosphor screen. The circled point corresponds to a displacement of 1 cm, which is 80% of the wall radius.
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Danielson, Weber, and Surko Phys. Plasmas 13, 123502 ͑2006͒ of diocotron periods. The possibility that plasma expansion may limit the utility of the technique at very large times is currently under current investigation. This technique for moving plasmas to specific positions in the plane perpendicular to the magnetic field was verified in a series of experiments. Plasmas were excited by applying a swept-frequency signal from an arbitrary waveform generator to one segment of the segmented electrode. This signal, initially at some frequency f 1 =1/ 1 , chosen to be below the linear diocotron frequency, is increased from zero amplitude to a specified value in 20 1 ; then swept up in frequency to 3f 1 ͑i.e., chosen to be above the linear diocotron frequency͒ in 20 1 . The plasma is then held at 3f 1 for 20 1 , before being dumped. In this procedure, the frequency sweep from f 1 to 3f 1 guarantees that the plasma will under go some nonzero radial displacement D, the value of which is set by the final frequency, 3f 1 . The radial position and profiles of the plasmas were measured using a CCD camera after the plasma particles were accelerated to 8 kV and deposited on the phosphor screen. In a multicell trap, plasmas would be deposited in off-axis cells instead of being dumped onto the phosphor screen. Figure 10 shows images of autoresonantly excited plasmas that have been deposited on the screen at a fixed phase, i.e., = 0°, with respect to the drive. For each successive image, the initial frequency f 1 ͑and hence the final frequency 3f 1 ͒ is increased, resulting in successively larger displacements D, as shown. For these experiments, the maximum viewable displacement on the screen is 0.45 cm, while the wall is at radius R w = 1.27 cm. Note that, using this technique, we can obtain displacements that are much larger than the plasma radius; i.e., D ӷ R p .
The ability of this technique to deposit plasmas at predetermined azimuthal locations was also tested. Figure 11 shows the CCD images when the phase of the excitation corresponds to = 0°, 90°, 180°, 270°, all at a fixed displacement D Ϸ 0.26 cm. Test experiments to date were limited to these values of the phase. In progress is the development of electronics and software to deposit plasmas at arbitrary azimuthal phase angles. Combined with the amplitude control 
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Plasma manipulation techniques for positron storage… Phys. Plasmas 13, 123502 ͑2006͒ described above, this will enable dumping plasmas at arbitrary locations in the plane perpendicular to the magnetic field. The results of the experiments reported here, including the clear, sharp images shown in Figs. 10 and 11, indicate that plasmas can be deposited in specific off-axis cells to a high degree of accuracy ͑e.g., ±0.2 mm in the radial and azimuthal directions͒. It should also be noted that plasmas were moved across the magnetic field relatively quickly ͑e.g., in a few milliseconds͒. With appropriate choice of the initial value of f D and careful tuning, it is likely that this time can be considerably reduced. Figure 12 illustrates how this autoresonant diocotronmode excitation technique could be used to fill a multicell positron trap. Plasmas from a buffer-gas positron accumulator will be shuttled into a master plasma manipulation cell ͑Fig. 12, left͒, then excited to the appropriate values of D and before being deposited into a specific off-axis cell. Shown in Fig. 13 is a schematic illustration of the design of an electrode structure for a 95-cell trap ͑i.e., compatible with the design parameters summarized in Table I͒ incorporating a master plasma manipulation cell for injection into off-axis cells. Each cell has a segmented electrode, an equal-length dc electrode, and confinement electrodes at each end.
V. COMPLEMENTARY DEVELOPMENTS
There have been other recent complementary developments that can simplify operation of a practical multicell trap. It is envisioned that the so-called rotating wall ͑RW͒ technique will be used to compress single-component plasmas and to achieve essentially "infinite" confinement times. This technique uses an electric field, rotating in the plane perpendicular to the magnetic field, to inject angular momentum into the plasma and compress it radially. 25, 26 As originally developed, 18, 38, 39 this technique required careful tuning to a mode in the plasma to compress weakly coupled plasmas ͑i.e., plasmas without crystalline ordering͒ that are relevant here. Recently, a new "strong drive" regime of operation of the rotating wall technique was discovered that does not require tuning to a mode. 25, 26 It works over a broad range of frequencies and compresses the plasma until the E ϫ B rotation frequency f E equals the applied rotating wall frequency f RW . The final density can thus be controlled by changing the frequency of the applied RW signal and does not depend critically on the RW amplitude. Furthermore, plasmas with a remarkably broad range of initial densities ͑e.g., varying by a factor of 20 or more͒ can be compressed or expanded to a given final state density by the application of a single, fixed RW frequency.
This new regime of RW operation is expected to lead to considerable simplifications in the design of a practical multicell trap in that, in this regime of RW operation, active control and interrogation of individual plasma cells is unnecessary. Very recently, much progress has also been made in understanding the coupling of the RW fields to the plasma and the nature of the RW torque to the extent that quantitative predictions can be made for the magnitude of the torque that are in agreement with experiment. 40, 41 This aids greatly in being able to make accurate designs for advanced traps for long-term positron storage.
Being able to operate the RW in this strong drive regime also has important consequences in reducing plasma heating. Early multicell designs considered only weak drive operation, where practical considerations for a multicell trap required a RW frequency that was an order of magnitude greater than the plasma E ϫ B rotation frequency.
14 The resulting "slip" between the RW and the plasma causes excess heating. This can be understood by noting that the minimum heating rate during plasma compression is the rate of conversion of electrostatic energy into heat. This rate is proportional to the E ϫ B rotation frequency. In contrast, the rate of energy input due to the RW fields is proportional to the ͑larger͒ RW frequency. 42, 43 Using the RW technique in the strong drive regime, the plasma rotation frequency is quite close to the RW frequency, hence the slip is negligibly small. Thus operation in the strong drive regime approximates closely the minimum possible heating rate-as much as an order of magnitude less heating than in the weak-drive regime.
Furthermore, operating in the strong drive regime, it is possible to access plasma parameters ͑i.e., for n ജ 6 ϫ 10 9 cm −3 at B =5 T͒, such that the outward transport rate ⌫ o , is independent of plasma density ͑i.e., instead of increas- FIG. 12 . ͑Color online͒ Illustration of use of the autoresonant diocotronmode technique to inject positrons into specific cells in a "multicell" trap: ͑left͒ master plasma manipulation cell, and ͑right͒ adjacent bank of multiple cells. In ͑A͒, the central cell is filled. In ͑B͒, an m =1, k z = 0 diocotron mode is excited, then the plasma is injected into the desired line of cells in the multicell trap using gate switching and a fast dump. ing as ⌫ o ϰ n 2 , which is the case at lower plasma densities 25, 26 ͒. This reduces the required RW drive torque and leads to considerably less plasma heating, so that the plasmas remain cool. Plasmas with parameters such as those listed in Table I can be created with T ϳ 0.1 eV. This is ideal for the multicell positron trap. In particular, one important consideration is keeping the plasma temperature sufficiently low so that one can avoid positronium formation by collisions of positrons ͑on the tail of the positron energy distribution͒ with background impurities present in the vacuum system. The relatively low values of plasma temperature reported here, namely, T ഛ 0.5 eV, fulfill this requirement.
VI. SUMMARY AND CONCLUDING REMARKS
In this paper, we demonstrate techniques critical to the development of a practical, multicell positron trap. Specifically, we demonstrate the ability to operate two plasma cells simultaneously. Off-axis diocotron-mode excitation of plasmas to a displacement 80% of the electrode radius and phased dumping of these off-axis plasmas were demonstrated with a precision that exceeds that required for a practical positron trap. In such a multicell trap, positrons from a buffer-gas accumulator would be shuttled into a master plasma manipulation cell where the positron plasmas would be compressed radially, then deposited in off-axis storage cells through use of the autoresonant diocotron-mode technique. Operation of the trap at confinement potentials of 1 kV was also demonstrated, resulting in the ability to store ജ10 10 particles in a single cell. In other recent work, it has been shown that plasmas can be compressed radially and maintained for days using the rotating wall compression in the newly discovered strong-drive regime by application of a single, fixed RW frequency, thereby eliminating the need for active control of individual cells of a multicell trap. These results validate key aspects of the design of the multicell positron trap for N ജ 10 12 positrons. Further multiplexing can potentially increase trap capacity by additional orders of magnitude beyond this benchmark goal.
The availability of such large numbers of positrons opens up many new possibilities, such as providing bursts of positrons far larger than available by any other means. Applications of large pulses of positrons include enabling improved methods to create low-energy antihydrogen and Bose-condensed gases of positronium atoms ͑i.e., the first step toward a gamma-ray laser͒ and study of electronpositron plasmas.
The successful development of such a multicell trap will also be a major step toward the creation of a versatile portable antimatter trap. While portable traps have been discussed previously, 2, 44, 45 none have yet been developed. Such portable traps can be expected to be important for the many applications, such as those in which radioactive and/or accelerator-based positron sources present significant difficulties ͑e.g., radiation licensing requirements and radiation shielding͒. These applications include use of positrons for the characterization of materials for electronic chip manufacture and operations in a satellite or on a ship. For example, a portable trap containing 10 12 positrons could furnish positrons continuously for ten days at a rate comparable to that of typical radioactive positron sources currently in use ͑e.g., 10 mCi of 22 Na and a solid neon moderator͒. As noted above, filling a multicell trap with 10 12 positrons using a typical-strength 22 Na source and neon moderator would take several days. However, as indicated above, there are a number of high-flux positron sources, either in operation or under development, which have the capability to fill such a trap in a few hours or less.
The near-term goal of a trap for 10 12 positrons is likely conservative, and we believe that it has a high probability of success. In the present design, this multicell trap could be made to fit in a volume of only a few cubic meters. It calls for a superconducting magnet and cryogens or a refrigerator. However, one can expect a rapid learning curve associated with the underlying science and technology. It is likely that further improvements in design can be made early in the development of such a multicell device, including increases in storage capacity and confinement time, decreases in the weight and size, and the reduction of other logistical requirements.
